Prior investigation has demonstrated that angioblasts are present in the inner retinas of human embryos and fetuses and that they differentiate and organize to form the primordial retinal vasculature. The purpose of this study was to characterize these angioblasts further and examine ligands that might control their migration and differentiation. METHODS. Immunohistochemistry was used to localize stromaderived factor-1 (SDF-1), its receptor CXCR4, stem cell factor (SCF), and its receptor c-Kit on sections obtained from human eyes at from 6 to 23 weeks' gestation (WG). Coexpression of CD39 (marker for retinal angioblasts and endothelial cells) and CXCR4 or c-Kit was investigated by confocal microscopy. RESULTS. SDF-1 was prominent in inner retina with the greatest reaction product near the internal limiting membrane (ILM). SCF immunoreactivity was also confined to the inner retina and increased significantly between 7 and 12 WG. The level of both ligands declined by 22 WG. A layer of CXCR4 ϩ and c-Kit ϩ precursors, some of which coexpressed CD39, existed in the inner retina from 7 to 12 WG. With migration, c-Kit was downregulated, whereas CD39 ϩ cells continued to express CXCR4 as they formed cords. With canalization, CXCR4 expression was downregulated.
T he fetal human retina remains avascular until 14 weeks' gestation (WG) . Recent studies have demonstrated that the initial human retinal vasculature develops by vasculogenesis, the in situ differentiation and assembly of blood vessels from vascular precursors. In dogs 1 and humans, [2] [3] [4] the precursors that participate have been found to express CD39 (ectoADPase). This ectoenzyme is found on endothelial cells (ECs) in all vascular beds and is responsible for controlling the extracellular level of ADP, thus limiting platelet aggregation. Retinal angioblasts also express VEGFR-2; however, they lack other markers commonly used for ECs and hematopoietic precursors such as CD34 and CD31. 4 The exact origin of retinal angioblasts and the cues and stimuli for recruitment, differentiation, and organization of these cells into developing blood vessels are unknown.
One possible stimuli for homing of vascular precursors to retina may be stroma-derived factor (SDF)-1, which stimulates homing of endothelial precursor cells (EPCs) to sites of injury and angiogenesis. [5] [6] [7] [8] SDF-1 is a CXC chemokine that stimulates chemotaxis but not proliferation of neuronal precursors and CD34 ϩ bone marrow cells. 9,10 SDF-1 also stimulates the migration and tube formation by ECs of many origins in vitro. [11] [12] [13] In vivo, SDF-1 plays a central role in hematopoietic stem and progenitor cell mobilization from marrow and stem cell homing to bone marrow. 14 Unlike other chemokines that can bind to several G-proteincoupled, seven-transmembrane-spanning receptors, SDF-1 binds to only one receptor, CXCR4. CXCR4 is expressed by retinal angioblasts in dogs 15 and humans 4 by embryonic stem cells, 16 and by hematopoietic progenitors. 17 Mice deficient in CXCR4 die perinatally of vascular defects. 13, 18 In a prior study, we found that CXCR4 was associated with CD39 ϩ angioblasts in embryonic and fetal human retina, but expression was downregulated in ECs. 4 CXCR4 is also expressed on adult ECs from several tissues in vitro 10, 15, 19, 20 and intestinal mucosal ECs in vivo and in vitro. 13 It is important to note that intestinal mucosal ECs are considered physiologically inflamed and not quiescent. Intestinal ECs make SDF-1 and CXCR4 and migrate, proliferate, and form tubes in response to SDF-1. 13 Stem cell factor (SCF), basic fibroblast growth factor (FGF2), and vascular endothelial cell growth factor (VEGF) regulate CXCR4 and SDF-1 expression, and so autocrine expression of these growth factors can affect the number and the cycling of CXCR4 receptors by ECs and hemangioblasts. 12 Another factor affecting precursor cells is SCF, also called steel factor and Kit ligand. SCF increases cell surface expression of CXCR4 in hematopoietic (CD34 ϩ ) stem cells (HSCs).
neural stem cells in ciliary epithelium, hematopoietic precursors in adult marrow, 23 and progenitor cells in mouse retina. 24 c-Kit is also expressed by many types of ECs. 25 SCF supports the survival, migration and tube formation by human umbilical vein endothelial cells (HUVECS). 26 HUVECs also produce SCF, and so it may serve as an autocrine growth factor for this type of EC. 27 Cells of bone marrow origin that express c-Kit and von Willebrand's factor (vWf) contribute to new vessel formation in the diabetic rat mesentery. 28 The intent of this study was to determine whether CXCR4 and c-Kit are expressed by retinal angioblasts that are CD39
ϩ . The association of these receptors with their ligands, SDF-1 and SCF, respectively, was also investigated to perhaps implicate these ligands in attracting angioblasts to inner retina where they will differentiate and develop a retinal vasculature.
METHODS

Age Determination and Preparation of Tissue
Eighteen fetal human eyes from 18 fetuses, ranging in age from 6 to 23 WG, were used in the study (Table 1) . Tissues were provided by Advanced Bioscience Resources, Inc. (Alameda, CA) after aspiration abortions, in accordance with the guidelines set forth in the Declaration of Helsinki, with the approval by the Joint Commission for Clinical Research at the Johns Hopkins University School of Medicine. The age of each fetus was determined by using the last menstruation date and/or ultrasonography and fetal foot length as a reliable indicator of gestational age. 29 After enucleation, the eyes were immediately fixed at room temperature for 1 hour with 2% paraformaldehyde in 0.1 M sodium phosphate buffer pH 7.2 with 5% sucrose. The eyes then were washed in 0.1 M sodium phosphate buffer with 5% sucrose and were shipped overnight at 4°C. For older (Ͼ12 WG) cryopreserved eyes, the anterior segments were removed on receipt, and the eyecups or whole eyes of young fetuses were washed (30 minutes/wash) at room temperature in 0.1 M sodium phosphate buffer with increasing concentrations of sucrose: a 2:1, a 1:1, and a 1:2 mixture of 5% sucrose-20% sucrose and then for 2 hours in 20% sucrose. 30 The eyecups were dissected to make cryoblocks of full-thickness eye wall. For 9 WG and younger eyes, the globes were processed and frozen in toto. The tissue was placed in flat embedding molds with an embedding solution consisting of a 2:1 mixture of 20% sucrose in 0.1 M sodium phosphate buffer/OCT compound (Tissue-Tek; Baxter Scientific, Columbia, MD) and infiltrated for 30 minutes at room temperature. The quadrants then were frozen in isopentane cooled with dry ice. Cross-sections 8 m thick were cut on a cryostat (Frigocut N; Reichert Jung, Deerfield, IL) at Ϫ25°C.
Alkaline Phosphatase Immunohistochemistry
Streptavidin alkaline phosphatase (APase) immunohistochemistry was performed on sections of cryopreserved tissue using a previously published nitro blue tetrazolium (NBT) system. 31 The sections were incubated overnight at 4°C with one of the following primary antibodies: mouse anti-CD39 (1:400; Chemicon, Temecula, CA); mouse anti-CD31 (1:1000; Dako, Carpinteria, CA); goat anti-SDF-1 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-CXCR4 (1:5000; Novus, Littleton, CO); rabbit anti-SCF (1:100; Assay Designs, Ann Arbor, MI); and rabbit anti-c-Kit (1:2000; Laboratory Vision, Fremont, CA). After they were washed in Tris-buffered saline (TBS), the sections were incubated for 30 minutes at room temperature with the appropriate biotinylated secondary antibodies diluted 1:500 (Kirkegaard and Perry, Gaithersburg, MD). Finally, the sections were incubated with streptavidin APase (1:500; Kirkegaard and Perry) and the APase activity was developed with a 5-bromo-4-chloro-3-indoyl phosphate (BCIP)-NBT kit (Vector Laboratories, Inc., Burlingame, CA), yielding a blue immunoreaction product. Melanin in RPE and choroidal melanocytes was bleached as previously reported 31 and coverslips mounted with Kaiser's mounting medium without counterstaining.
All slides from each eye were cut as serial sections in one sitting, to standardize sectioning and section thickness. All slides with sections were boxed with desiccant and stored at Ϫ80°C, until all eyes for the study were cut. Then slides from all eyes were incubated with the same antibodies and reagents on the same days. Thus, all comparisons of relative reaction product described herein were made between eyes handled identically and incubated together identically for each antibody on the same day.
Double Labeling
Double-label immunofluorescence was performed on cryopreserved tissue sections as previously reported. 4 The sections were incubated for 2 hours at room temperature by combining two of the following primary antibodies: mouse anti-CD39 (1:200)/rabbit anti-CXCR4 (1:1000); or mouse anti-CD39 (1:200)/rabbit anti-cKit (1: 200). After they were washed in TBS, the sections were incubated for 30 minutes at room temperature with the goat anti-mouse secondary antibodies diluted 1:500 conjugated with Cy3 and the goat anti-rabbit antibody diluted 1:100 conjugated with FITC. Finally, the sections were mounted in DAPI counterstaining medium (4Ј,6Ј-diamino-2-phenylindole; Vector Laboratories, Inc.) and observed with a confocal microscope (model 510 META; Carl Zeiss MicroImaging, Inc., Thornwood, NY) and the spectra of fluorescence were analyzed.
Wholemounts
The tissue was fixed for 1 hour with 2% paraformaldehyde in TBS and then shipped overnight at 4°C in TBS. The anterior segments were removed from the eyes and the retinas separated from RPE. The retinas were incubated with mouse anti-CD39 (1:50) and either rabbit anti-CXCR4 (1:250) or rabbit anti-c-Kit (1:50) for 72 hours at 4°C. After they were washed in TBS, the retinas were incubated with secondary antibodies for 48 hours at 4°C: goat anti-mouse secondary antibodies diluted 1:100 conjugated with Cy3 (Jackson ImmunoResearch, West Grove, PA) and goat-anti rabbit secondary antibodies diluted 1:50 conjugated with FITC (Jackson ImmunoResearch). Immunofluorescence in flatmounts was then imaged with a confocal microscope (510 META; Carl Zeiss MicroImaging) at 488 and 532 nm excitation (FITC and Cy3 staining, respectively).
Confocal Microscopy
Tissue sections with fluorescent secondary antibodies and DAPI counterstain were examined with the confocal microscope. Excitation wavelengths included 405, 488, and 532 nm for the DAPI, FITC, and Cy3, respectively. Multispectral confocal microscopy was used as a validation tool for intracellular localization of antigens. Since multiple fluorescent colors were used to label various antigens and nuclei, it was necessary to use this multispectral confocal microscope that could separate the spectral overlap to determine true colocalization as demonstrated previously.
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RESULTS
Gestation of 6 -7 Weeks
The hyaloid vasculature formed in the vitreous, while the retina was avascular in the 6-to 7-WG embryonic human eye ( Fig. 1A) . The retina had an inner and outer neuroblastic layer and single cells in the nerve fiber layer (NFL; Fig. 1B ). SDF-1 immunoreactivity was prominent in the developing lens, present diffusely throughout the stroma of the choroid and sclera, and present in the developing choriocapillaris and embryonic hyaloid vasculature (Fig. 1C ). There was a gradient of SDF-1 in the central inner retina, with the greatest level adjacent to the internal limiting membrane (ILM; Fig. 1C ). Central retina is defined in the following observations as extending from adjacent to the optic nerve (peripapillary region) to the anatomic equator. Cells expressing CXCR4 formed a layer in the inner retina that mirrored the area with SDF-1 localization except slightly posterior to the greatest concentration of SDF-1 ( ϩ cells in the innermost central retina also had low levels of c-Kit. Although it is technically difficult to double-label sections for c-Kit and CXCR4 (both antibodies were raised in rabbit), it appeared from DAPIcounterstaining of the nuclei that almost all cells in the precursor pool expressed both receptors at some level (Figs. 2, 3 ). The only exception was cells immediately adjacent to ILM in the peripapillary retina (Figs. 1D, 1F , arrows).
Gestation of 12 Weeks
SDF-1 immunoreactivity was present in inner retina from disc to ora serrata at 12 WG, and the gradient of SDF-1 was still greatest at the ILM and reduced toward mid retina (Figs. 4A, 4C, 4E). The overall intensity was greater than at 7 WG, but at 12 WG, it was prominent from optic nerve head to ora serrata, which was one of the most intense areas in inner retina (Figs.  4A, 4C ). CXCR4-expressing cells were present in the inner retina from the ILM in the central to mid retina but had not yet reached the ora serrata (Figs. 4B, 4D ). In the peripheral retina, the greatest SDF-1 expression was toward the ora serrata where CXCR4 ϩ cells
were not yet present (Figs. 4A-D) . SCF levels were greatly increased at 12 WG compared with those at 7 WG. SCF was present in the inner retina from the optic nerve to the ora serrata, with the greatest intensity near the ILM (Figs. 5A, 5C ). c-Kit expressing cells mirrored exactly the areas where the ligand SCF was present (Figs. 5B, 5D ). It was intriguing that at the ora serrata the c-Kit ϩ layer of cells was in the outer retina and not adjacent to the ILM (Fig. 6A) . Round c-Kit ϩ cells in the layer of precursors also expressed CD39 (Fig. 6) . Some CD39 ϩ cells that appeared to be migrating inward also expressed low levels of c-Kit. c-Kit/CD39 coexpression was greatest in the precursor layer and c-Kit expression diminished in CD39 ϩ cells as they appeared to migrate inward toward the NFL (Figs. 6C-F) .
Gestation of 14 -16 Weeks
The retinal vasculature begins to form around 14 WG in the human 4 and ECs in newly formed blood vessels express CD31 and CD39 (Figs. 7B, 7D ). The 14 and 16 WG retinas were very similar in terms of location of the precursors and localization of the antibodies, so only the 16 WG is shown. In vascularized areas of retina at 16 WG, SDF-1 levels were greatly reduced compared with 12 WG, but it was still very prominent in the innermost region of the avascular retina (Figs. 7G, 7H ). The layer of CXCR4 ϩ cells was greatly reduced in size in central vascularized retina but a row of cells, perhaps ganglion cells, was present posterior to the forming retinal vasculature (Fig.  7F) . Formed retinal blood vessels were negative for CXCR4 as shown in Figure 7F (arrowhead). In avascular areas (no CD31 ϩ structures); however, there was still a substantial layer of precursors and individual CD39 ϩ cells were still present (Figs. 7C,  7E ). At the edge of the vasculature, CXCR4
ϩ /CD39 ϩ cells were present in inner retina where they aggregate to form cords, anterior to the row of prominently labeled CXCR4 ϩ cells (Fig.  8 ), but CXCR4 expression was absent in more mature blood vessels. Unlike SDF-1, SCF immunoreactivity was very prominent in the vascularized and avascular portions of the innermost retina at 16 WG (Fig. 9) . Likewise, c-Kit-expressing cells were prominent in the same area, mirroring the localization of its ligand SCF (Fig. 9) .
Gestation of 20 -23 Weeks
At 20 to 23 WG, both SDF-1-and CXCR4-expressing cells were very limited in areas with blood vessels (Figs. 10B, 10F, 10H ). In these areas, CD39
ϩ cells were present within and outside of the blood vessels (Figs. 10D, 11) . Individual CD39ϩ cells also expressed CXCR4 in avascular areas (Figs. 11E, 11F ), but CXCR4 expression declined as cords of CD39ϩ cells began to form lumens (Figs. 11A-D) . SDF-1 expression was higher in avascular retina where individual CD39 ϩ angioblasts were present (Figs. 10C, 10G ). There was a row of CXCR4 expressing cells in avascular retina at the level of the ganglion cell layer (GCL) (Fig. 10E) . SCF expression in the inner retina was prominent at the ILM in vascularized areas and still present at high levels in most of the inner retina in avascular areas of the retina (Figs. 12A, 12C) . In vascularized retina, c-Kit appeared to be present in nerve fibers in the innermost retina and in the cells at the level of the putative ganglion cell layer (PGCL), but in avascular retina it was confined to cells in the putative ganglion cell layer (PGCL; Figs. 12A, 12B) . The highest level of SCF was associated with the greatest density of c-Kit ϩ cells in vascular and avascular retina. CD39ϩ cells that appeared to be migrating in avascular retina had decreased expression of c-Kit (Figs. 
12E, 12H) compared with neighboring cells that did not appear migratory.
In the time period studied, SCF expression increased with age, finally declining at 20 to 23 WG. SDF-1, however, was prominently expressed earlier in development (6 -9 WG) than SCF and declined with time until reaching a nadir at 20 to 23 WG.
DISCUSSION
The initial retinal vasculature in humans develops by vasculogenesis, differentiation, and organization of angioblasts that are
The origin of these vascular precursors is not known, but recent observations have demonstrated that they express CXCR4. 4 The present study suggests that there is a pool of precursors that appear to be the origin of the CD39-expressing retinal angioblasts. The pool of precursors represents the anterior portion of the neuroblastic layer or inner neuroblastic layer of embryonic and early fetal retina and, from 6 to 12 WG, almost all cells in the layer expressed CXCR4 and c-Kit at some level (Figs. 2, 3, 6 ). The ultimate proof that the same cells have both receptors requires double labeling, which was technically difficult. Although there is proliferation in the outer portion of the neuroblastic layer, the precursors in inner retina do not proliferate. 4 The present study suggests that SDF-1 and SCF is responsible for maintaining precursor cell populations and for potentiating the migration and differentiation of CXCR4 ϩ and c-Kit ϩ precursors into retinal angioblasts (CD39 ϩ /CXCR4 ϩ ) and perhaps into blood vessels. The appearance of CD39 ϩ /CXCR4 ϩ angioblasts at the optic nerve head in flatmounts suggests that they migrate from the optic nerve head along the nerve fibers. However, in cross sections it appeared that they emerged from the layer of precursors in inner retina and then aligned along the nerve fibers (Fig. 2) . We have previously observed that the round or nonmigratory CD39 ϩ /ADPase ϩ vascular precursors 2, 33 are in the precursor layer and now show that they express CXCR4 as well as c-Kit. They lose c-Kit but continue to express CXCR4, as they appear to migrate and then align with nerve fibers. They continue CXCR4 expression until they become ECs (CD31 ϩ , CD34 ϩ ). This change in angioblast phenotype from nonmigratory to migratory during differentiation is well documented. 34 Alternatively, CD39 ϩ /CXCR4 ϩ cells may have migrated from adjacent mesoderm into the precursor pool. However, the presence of round, nonmigratory CD39 ϩ / CXCR4 ϩ and CD39 ϩ /cKit ϩ cells in the precursor pool contradicts this possibility.
The pool of CXCR4 ϩ and c-Kit ϩ precursors cells in fetal human inner retina is far more than needed for assemblage of the initial vasculature. It is possible that these progenitors are multipotent and give rise to nonvascular cells as well as vascular cells. However, this contradicts the current dogma that angioblasts are of mesodermal origin, and retinal neurons are from neuroectodermal progenitors. If the current dogma is correct, then it is more likely that vascular precursors and neuronal precursors express both c-Kit and CXCR4 in their undifferentiated states. CXCR4 regulates neuronal migration and axonal guidance in brain development.
35-37 SDF-1 enhances migration and proliferation of cerebellar granule cells, chemoattracts microglia, and stimulates cytokine production and glutamate release by astrocytes. [35] [36] [37] One study has shown that retinal ganglion cells express CXCR4 during development. 38 SCF is a survival factor for neural crest stem cells 39 but many reports suggest that its survival role is more critical in melanocyte precursor survival than in neuronal precursor. 40 At 20 WG when the number of precursor cells has declined substantially, CXCR ϩ and c-Kit ϩ cells are still present at the level of the ganglion cell layer, and the cells are in a single row, suggesting that one fate for the cells from the precursor pool is certainly ganglion cells.
SDF-1 (CXCL-12) is a hypoxia-inducible CXC cytokine, 41 and it is probable that embryonic and early fetal human inner retina is hypoxic. The level of SDF-1 declines as the retinal vasculature forms (compare Fig. 1 with Fig. 7 ), relieving the retina of physiological hypoxia. [42] [43] [44] SDF-1 is a chemotactic factor for leukocytes, precursors, and ECs. 10, 11, 45, 46 It is responsible for homing of HSCs and EPCs to marrow and sites of injury or angiogenesis.
5,7,8 SDF-1 not only stimulates migration of ECs but also tube formation and branching in vitro. 12 There was a gradient of SDF-1 at 7 WG for inducing migration of CXCR4 ϩ cells from the precursor pool (least SDF-1) to the NFL of the retina (greatest SDF-1 immunoreactivity), where the blood vessels form. There was also a gradient toward the ora serrata where CXCR4 ϩ cells had not yet arrived at 12 and 16 WG, suggesting that the precursors may have migrated toward the higher concentration of SDF-1 in that region. Since proliferation is rare in the pool of precursors, 4 their migration centrifugally in response to a chemoattractant is logical. In the adult retina, the most prominent SDF-1 immunoreactivity was in photoreceptor inner and outer segments, not in vasculature, where only a few vessels were positive.
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CXCR4 is the only known receptor for SDF-1 and is expressed by lymphocytes, monocytes, neutrophils, microglia, and ganglion cell precursors. 38, 48 It is also expressed by many types of ECs, HSCs, and EPCs. 10, 49, 50 Its importance in vascular development is apparent, since CXCR ؊/؊ mice are defective in . 15 It seems inexplicable that CXCR4 expression would cease when the newly formed blood vessels are canalized in developing human retina, when it is present on some ECs in adult human retina and on retinal ECs in vitro. 15, 47 However, Salvucci et al. 12 observed a decline and eventual loss in CXCR4 expression by ECs as they made tubelike formations on synthetic basement membrane matrix (Matrigel; BD Biosciences, Piscataway, NJ). Like SDF-1, CXCR4 expression is upregulated in hypoxia 52, 53 and in response to VEGF. 12 ECs can produce SDF-1 and express CXCR4, suggesting that SDF-1 is an autocrine chemokine for ECs and precursors.
12 SDF-1 and CXCR4 expression has also been observed in human ESCderived embryonic EC differentiation from embryoid bodies. 54 When AMD3100, a CXCR4 antagonist, was used in that study, EC outgrowth from the embryoid bodies and tube formation were inhibited.
SCF was prominent in inner retina throughout the period studied, but the level declined by 20 WG. SCF was first de- scribed as a multipotent growth factor involved in the early stages of hematopoiesis, 55 as well as development and function of germ cells. 56 A multitude of signaling pathways are activated by SCF resulting in chemotaxis, proliferation, differentiation, and survival, depending on the cell type and its environment. 57 Although it has been extensively studied in mast cells, it has recently been shown that SCF promotes survival, migration, and tube formation by HUVECS. 26 Sun et al. 25 have demonstrated that SCF activates brain ECs in vitro and stimulates angiogenesis in normal brain and in brain tumors. In fetal human inner retina, SCF and its receptor c-Kit often appeared to be colocalized, which could suggest that it is an autocrine growth factor for the precursors. In fact, SCF has been demonstrated to be autocrine for both ECs and smooth muscle cells. 58, 59 However, autocrine production of SCF is unlikely if it is a stimulus for migration. It is more probable that diffusable SCF is present in the milieu and bound to its receptor on the precursors.
The receptor for SCF is c-Kit, which is expressed by HSCs, EPCs, mast cells, melanocytes, and germ cells. 57 During embryonic life, SCF and c-Kit are expressed along migratory pathways and in destinations of primordial germ cells and melano- (E, F) In avascular retina, CXCR4 staining was intense in angioblasts within the PGCL (E, arrow) but was significantly reduced in areas that were vascularized and absent in retinal vessels (F, arrowhead). (G, H) SDF-1 immunoreactivity was much more intense in avascular inner retina at this age (G, arrow) than in vascularized retina (H, arrowhead). Stain, APase/NBT blue reaction product. Scale bar: (A) applies to all panels.
cytes, in sites of hematopoiesis (yolk sac, fetal liver, and marrow), in gut, and in the central nervous system. 55 Late-stage progenitor cells have c-Kit in mouse retina where its expression starts centrally and progresses centrifugally. 24 c-Kit is expressed in EC precursors in the yolk sac of the mouse at embryonic day (E)10.5. 22 In human placenta, c-Kit expression in ECs has been observed at 6 to 7 WG but expression declines by 12 to 14 WG. 60 c-Kit was never observed in ECs in developing retina in the present study, but it is expressed by HUVECS in vitro and in vivo and in bovine brain and human dermal ECs in vitro. 25, 59 Sun et al. 4 found that all three EC types proliferated in response to SCF. Proliferation was never observed in the precursor pool (CXCR4 ϩ and c-Kit ϩ cells), angioblasts (CD39 ϩ /CXCR4 ϩ ), nor ECs (CD31 ϩ /CD39 ϩ ) in developing human retina between 6 and 23 WG. 4 Although the two growth factors targeted in this study have unique roles in development, they also have many overlapping activities and can act in synergy. Both ligands are critical in hematopoiesis during development and adult life. 55, 61 SCF and SDF-1 enhance chemotaxis of neuronal progenitor cells and can act synergistically to stimulate focal adhesion formation and migration of CD34 ϩ progenitors. 9 As mentioned previ- ϩ /CXCR4 ϩ angioblasts in advance of the formed vasculature (arrows). Less differentiated angioblasts had a spherical morphology, whereas those with a fusiform morphology appeared to be aligning with the forming blood vessels. (F) Same field shown in (E) with only the CXCR4 channel visible. Scale bars: (A) applies to (B-D); (E) applies to (F).
ously, both ligands can stimulate the migration of the ECs and play roles in recruiting precursors to sites of new blood vessel formation in pathologic events. 62 Our study does not address the cells that produce SDF-1 nor SCF, but both are associated with nerve fibers and ganglion cells in fetal human inner retina. Our study also did not address whether the SDF-1 or SCF observed was active or whether it was free or bound to CXCR4 or c-Kit, respectively. Proteolysis can control the level of active ligands present in certain niches. MMP-9 and cathepsin K cleave both growth factors and this cleavage can inactivate either of the ligands. 63 Chen et al., 54 in their study of sprouting of ECs from human embryoid bodies, concluded that the SDF-1/CXCR4 axis plays a critical role in regulating the initial vessel formation and function as a morphogen during embryonic blood vessel formation. Our observations suggest that the retinal vasculature may be a good example in vivo of the importance of this axis in human vascular development. We observed embryonic human retina has a large pool of precursors (CXCR4 ϩ and c-Kit ϩ cells) that enlarges centrifugally during fetal development. From this pool emerges CD39 ϩ cells, which will migrate anterior into the NFL where SDF-1 and SCF levels are highest. c-Kit expression declines with apparent migration. Cords, originally called primordial blood vessels, 64 are eventually formed by the angioblasts (CXCR4 ϩ / CD39 ϩ ) at the edge of the forming blood vessels. Once canalization occurs, CXCR4 expression in the fetal retinal vessels declines.
In conclusion, SDF-1 may work in concert with SCF during early angioblast differentiation, whereas, as a morphogen, it continues to have an influence on cord formation.
